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Abstract 
Operations research is required to carry the Carbon Capture and Storage (CCS) efficiently and 
economically against uncertainty in geological conditions and system troubles to terminated CO2 storage. 
Firstly, CCS system performance has been investigated by numerical simulations for estimation error in 
permeability distribution and formation fracture pressure of the reservoir, and economic evaluations on 
troubles assumed to make terminate CO2 injection. The CO2 buffer, such as sphere gas tanks, should be 
installed to store CO2 on the process after its capture at a plant. If CO2 buffer is not included in the 
system, captured CO2 may be released to the atmosphere when a trouble on transportation or injection 
processes occurs. The larger size of CO2 buffer volume can be more able to withstand against long-term 
trouble. However, the larger buffer volume needs larger initial cost for constructing of the buffer. In this 
study, several simulations have been conducted on its system performance with and without CO2 buffer in 
the system. Optimum CO2 buffer volume has been presented based on economical evaluations for a 
commercial CCS model. 
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1. Introduction 
     Carbon capture and storage (CCS) is expected to reduce green house gases (GHG) emission for global 
climate change mitigation. Japanese government has promoted technology developments on CCS, 
especially CO2 storage into the deep saline aquifer. Therefore, to design the CCS system, considering 
several characteristics of landscape and geological conditions of the CO2 reservoir is important. 
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     The Ministry of Economy, Trade and Industry of Japan has presented a road map about developing 
CCS system. It shows targeted CO2 storage amount  future commercial projects (7.5×105ton). The 
Tomakomai demonstration test use CO2 emitted from oil refinery near the field and this is the first CCS 
project including every process of CCS in Japan [1]. Japan CCS Co. Ltd. (JCCS promotes 
comprehensive investigations for large-scale CCS demonstration projects. JCCS reported that 
preparations of a demonstration project at Tomakomai City have been started in 2012 to store CO2 into 
sub-seabed geological formations at Tomakomai offshore field. This project for 9 years will demonstrate 
a complete CCS system for the first time in Japan. It was also reported that CO2 will be separated and 
captured from hydrogen production equipment at oil refineries. It is transported by two ways that are 
pipeline in gas and Tank truck tank in liquid CO2. Total amount of CO2 is 1.0~2.0×105 ton in gas and 
5.0×104 ton in liquid . In the original demonstration plan, CO2 will be injected from an onshore site into 
two layers, Moebetsu sandstone layer (depth of1100m to 1200m) and Takinoue pyroclastic layer (depth 
of 2400m to 3000m) as shown in Fig. 1. 
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Fig. 1.     Tomakomai offshore CCS demonstration project 
 
     The CCS system is used to be composed of 3 sections as shown in Fig. 2. The first section is capture 
and separation process. The second one is transportation process, and the last one is injection and store 
process. To operate the whole CCS system against some assumed troubles, to effect those troubles is 
important. There are two different types of risks considered. One of risks is geological uncertainty. 
Geological uncertainty means the difference between predicted value and actual value of geological 
property of reservoir permeability and formation fracture pressure. Geological property is difficult to 
predict precisely so there is the possibility that prediction includes error. Therefore, to evaluate geological 
uncertainty is important. Another risk is injection troubles. Injection facilities will have troubles 
according to human error and machine failure. Therefore, injection facilities would stop sometimes.  
     To operate the whole CCS system efficiently against injection troubles, buffer is required by including 
a volume for CO2 temporal storage, such as sphere gas tanks, on the transportation process. Although 
several studies have been conducted on its system performance, effects of CO2 buffer volume has not 
been considered in the CC system. If CO2 buffer is not included in the system, captured CO2 may be 
released to the atmosphere when a trouble on transportation or injection processes occurs. The larger size 
of CO2 buffer becomes, the system can be more able to withstand long-term trouble. However, the larger 
size of CO2 buffer needs larger initial capital cost for constructing tanks. Therefore, a prediction scheme 
is necessary to decide the CO2 buffer volume against expected troubles. 
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     In this study, CCS system performance has been investigated by assuming uncertainty or estimated 
error on reservoir permeability and formation fracture pressure and troubles to make terminate CO2 
injection in the system. Especially, optimizing the size of CO2 buffer volume has been simulated by using 
numerical simulations on CO2 injection and net cost evaluations. The numerical simulations were carried 
out by CMG GEMTM to study uncertainty of estimating permeability affecting CO2 injection rate. The 
optimal size of CO2 buffer volume has been simulated by a simple operations research by assuming 
number of days to recover a trouble.  
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Fig. 2.     Schematic model of CCS and definitions of variables 
2. Numerical Simulation on CO2 Storage 
2.1. CO2 Storage Capacity 
     The volume of numerical model is calculated by following equation [2]. The Sf stands for storage 
factor and this is assumed to be 0.25 because main mechanism of CO2 storage is porosity of the reservoir 
assumed to be a stratigraphical trapping. Porosity is assumed to be 0.281 the same porosity as Moebetsu 
layer which is target layer of total evaluation of Tomakomai reservoir. Sg is the supercritical CO2 phase 
volume fraction in the injected CO2, which is assumed to be 0.50 from references [3].  is 0.566 tCO2/m3 
which is the CO2 density at reservoir condition (11.0 MPa, 47ºC).  Q is 7.5 105 tCO2 which is total 
injection amount of CO2  
     
Q
SgS
V f                                                                                                                                (1) 
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2.2. Comparison to JCCS's Numerical Simulation on Tomakomai Demonstration CO2 Storage 
     JCCS carried out numerical simulations on CO2 injection and storage to evaluate geological potential 
of CO2 storage and check effects of faults on CO2 leakage to the sea bottom at Tomakomai offshore site. 
In this study, the numerical modeling of CO2 injection and storage into Moebetsu layer (see Fig. 1.) has 
been done using CMG-GEMTM. The numerical simulations were used out to check the present simulation 
model applying to feasibility study with comparison to the JCCS s results for CO2 injection of 7.5 105 
ton in three years.  
      Table 1 shows the condition of numerical simulation and reservoir parameters. The volume of 
numerical model calculated by equation (1) is 3.77×107 m3. There are several points in which present 
simulation and JCCS's simulation are different. The biggest difference is the size. Because the numerical 
grid blocks model used in total evaluations by JCCS has large size model, the large number of grid block 
was used. In this study, a numerical model was simplified by using constant pressure and permeable flow 
at the reservoir boundary in order to carry out numerical simulations within a reasonable calculation time. 
The boundary condition is open to keep initial reservoir pressure, while JCCS's boundary condition is 
closed due to modeling large area. Permeability is also different to adjust the difference of size in two 
simulation models. The comparison of the results of cumulative CO2 injection is shown in Fig. 3 for the 
Moebetsu study. It was confirmed that present model shows good agreement to the JCCS s results, and 
the reliability of numerical model was proved. 
 
Table 1 Condition of numerical simulation and reservoir parameters 
 Present Simulation JCCS's Simulation 
Size 1.12km × 1.12km × 30m 8km × 16km × 1500m 
Total Number of Blocks 3645 97024 
Boundary Condition Open Closed 
Injection Rate, Period 2.5×105 ton CO2/year, 3 years 
Max Bottom Hole Pressure 13.41 MPa 
Porosity 28.1 % 
Horizontal Permeability 40.0 mD 17 mD 
Vertical Permeability 4.0 mD 1.7 mD 
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Fig. 3.     Present numerical simulation result compared  simulation result 
 
2.3. Numerical Simulation for Permeability Uncertainty of a Commercial CO2 Storage Model 
 
     The numerical model was constructed to carry a commercial scale of CO2 injection and storage that is 
total 107 ton of CO2 during 10 years by referring numerical simulation model of the Moebetsu layer. 
Figure 2 shows the schematic figure of the present model of a commercial CCS project assumed in this 
study. Table 2 shows the condition of numerical simulation and reservoir parameters. The main objectives 
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of the simulations were parameter surveys on CO2 injection rate against uncertainty in the reservoir 
permeability and formation fracture pressure as geological uncertainty. It needs some margin on the 
transportation and injection processes. 
     Figure 4 shows the cumulative injection amount of 1.0×107ton CO2 was injected for 10 years. The 
more permeability the reservoir has, the bigger the cumulative injection amount became. The numerical 
model considering commercialization was made. The results on permeability reduction were also shown 
in Fig. 4. Figure 5 shows the relationship between average injection rate and permeability. According to 
Sasaki et al[4], at time t = 0, average injection rate and reservoir permeability are in proportion in like 
following equation  
 
    
w
w
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r
R
PPhKM
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2
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where M(0) is the initial CO2 mass flow rate which is equal to the initial CO2 injection rate, (x,t) and BH 
= (H,t) are CO2 density in the tubing pipe and bottom hole respectively, g is acceleration of gravity, rw is 
outer radius of the bottom hole, Kw is reservoir permeability, PWH, PBH and PR are pressures at well head, 
bottom hole and outer boundary, w is water viscosity in the reservoir, and H is length of vertical injection 
well. The reservoir initial pressure is also equal to PR [4]. 
     Figure 5 also shows the relationship between average injection rate and permeability on different value 
of maximum bottom hole pressure. Maximum bottom hole pressure should be lower than formation 
fracture pressure to prevent the destruction of cap layer. In the total evaluation reports of Tomakomai 
feasibility test, maximum bottom hole pressure is 90% of formation fracture pressure which is 14.9MPa 
[1]. However, the estimation error of formation fracture pressure could occur, so the maximum bottom 
hole pressure could be changed. In Fig. 6, Pf is formation fracture pressure, PBHmax is the maximum 
bottom hole pressure, K0 is the predicted reservoir permeability ((kv, kh) = (45.0, 4.5) [mD]), K is the 
actual reservoir permeability, M0 is the average injection rate in the base case, and M is the average 
injection rate in other cases. Base case is the case which both PBHmax is equal to 90% of formation fracture 
pressure on the permeability, and K is equal to K0. Average injection rate which is bigger than M0 is 
shown in a broken line. The larger the maximum bottom hole pressure is set, the bigger the average 
injection rate become on the same permeability. Also, the bigger the permeability becomes, the bigger the 
average injection rate becomes on the each maximum bottom hole pressure. 
 
 
Fig. 4.     Result of numerical simulation for a 
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Table 2 Condition of numerical simulation and reservoir parameters for a commercial CO2 storage 
 
Size 2.2 km × 2.2 km × 110m 
Injection Rate 1.0×106 ton CO2/year 
Injection Period 10 years 
Horizontal Permeability 31.5~45.0 mD 
Vertical Permeability  3.15~4.50 mD 
Reservoir Pressure 11.5 MPa 
Reservoir Temperature 48 oC 
3. Economic Evaluation for Uncertainty in Reservoir Permeability 
     The lower the permeability was set, the smaller the cumulative amount of injected CO2 became. There 
is an opportunity cost as a lost benefit by decrease of CO2 store from the design volume, if the 
permeability estimation error is included. This becomes a result to increase cost by releasing CO2 
captured over the maximum volume of CO2 storage related to the reservoir permeability distribution. 
     Suppose carbon tax or carbon trade market, the project can get revenue by doing CO2 storage from 
government or a company emits CO2.into atmosphere. Therefore, if some troubles happened in the CCS 
system, CCS system loses its revenue since the amount of CO2 would decrease by releasing captured CO2 
to the atmosphere from the capture plant. However, if the CO2 buffer is installed on the process after CO2 
capture, the system can store the captured CO2 during a period depends on the buffer capacity, while the 
initial investments to construct buffer tanks. The Present value method was used to do economical 
evaluations by following process; 
1) Decide the amount of injected CO2 at a commercial project. 
2) Calculate the revenue from the amount of injected CO2 in present value. (Interest rate is 4 %). 
3) Calculate the cost of the total system including CO2 buffer tanks installed in the system. The cost is 
composed of initial (/construction) and operating (/running) cost in present value  
4) Decide the net cost of CCS system by subtracting cost from benefit 
Table 3 Cost of each section to dispose 1.0×1010 tCO2 in 10 years 
 
 Collection and Separation 
Transportation 
(Pipeline) Buffer Injection 
Initial Cost 9.60×109[JPY] 5.94×109[JPY] 1.20×105×VB× B[JPY] 2.16×109[JPY] 
Operation & 
Maintenance Cost 1.77×10
9[JPY/yr] 5.94×108[JPY/yr] 1.20×104×VB× B [JPY/yr] 291.3×Qtotal[JPY/yr] 
 
Table 4 Injection amount in different permeability 
 
Permeability 
(kv, kh) [mD] 
Available injection 
amount [ 104tCO2] 
Injection amount 
[ 104tCO2] 
(45, 4.5) 1099.4 1000.0 
(40.5, 4.05) 1038.6 944.7 
(36, 3.6) 910.8 828.5 
(31.5, 3.15) 786.5 715.4 
     Table 3 shows the costs of three section where Qtotal is cumulative injection amount of CO2 [5]. CO2 
cost used to calculate these costs is JPY3000/tCO2. The initial cost and operation & maintenance cost of 
CO2 buffer depends on its volume. The operation and maintenance cost of injection depends on 
cumulative injection amount of CO2. The other costs are fixed. Table 4 shows the injection amount of 
CO2 in different permeability. Available injection amount is the result of numerical simulation in business 
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model. Injection amount was smaller than the maximum injection amount for 10% to deal with injection 
accident.  
     It may be expected that net cost is higher than the revenue by selling carbon credits, and then net cost 
is always minus. Suppose every company always has to support cost for their CO2 emission based on the 
carbon tax law and carbon trade market, cost and revenue may be balanced in near future. In this study, 
the comparison between the base case without CCS system and other cases with CCS system operated. 
Figure 6 shows the results of evaluated net cost for CO2 injection rate based on reservoir permeability and 
economic conditions. 
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Fig. 6 Net cost evaluations of for each reservoir permeability 
 
     Base case is the one emitting all CO2 into the atmosphere without CCS system and buy carbon credits 
from outside. The value of each case with CCS system is cheaper than that of the base case, therefore 
CCS system will have a advantage on economic valance. In addition, the lower the permeability of 
reservoir becomes, the higher the cost becomes, because higher costs connects the smaller amount of CO2 
injection and revenue from CO2 injection would decrease. 
4. Economic Evaluation on CO2 Buffer Volume and Injection Troubles 
     Economic evaluations were also conducted to investigate effects of CO2 buffer volume on net cost in 
considering some troubles on process line to make stop CO2 injection. In a commercial project with an oil 
refinery, CO2 will be separated continuously from hydrogen separation unit at the plant, and the CO2 gas 
separation rate will be constant even when a trouble or an trouble occurred by a stack on the 
transportation and injection line at CO2 storage. 
     The impact of injection trouble was investigated, since the injection trouble was assumed to have a not 
small effect. Figure 7 shows the image of injection troubles where  is interval of injection troubles,  is 
interval of injection without troubles,  is ratio of trouble in each interval, Q0 is capture rate of CO2 at the 
plant, Qmax is maximum injection rate into the reservoir, B is CO2 density in buffer, Vi is ideal volume of 
CO2 buffer in which buffer can storage all collected CO2 during trouble period. Six cases were assumed. 
Each case has injection trouble to stop the injection for 200 days in 10 years as table 5.  
 
Table 5 Assumed cases for economical evaluation 
 
 Trouble Period 
(24× ) [hour] 
Interval of Accident 
  [day] 
 Trouble Period 
(24× ) [hour] 
Interval of Accident 
  [day] 
Case 1 2 1.5 Case 4 48 36.5 
Case 2 12 9.1 Case 5 72 54.6 
Case 3 24 18.3 Case 6 96 73.0 
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     In each case, net cost was calculated with changing the volume of CO2 buffer. Figure 8 shows the 
result of the net cost for the buffer volume, VB. In case 1~4, CO2 buffer can be installed since the net cost 
is less than that of VB = 0  (1.704×1010 JPY). In case 5 and 6, the net cost of VB = 0 is the cheapest, and 
CO2 buffer cannot be installed. The optimum volume is different in each case. The longer hours injection 
stops for, the larger the optimum buffer volume becomes, because the larger CO2 buffer decrease the 
emission of CO2 and decrease the net costs. However, buffer cannot deal with too long injection stops 
since the net cost increases and becomes higher than that of VB = 0. When injection stops longer than 
50.71 hours, buffer cannot deal with injection stops. 
 
Fig. 7. Interval of injection accident 
 
 Fig. 8. Net cost for CO2 buffer volume 
( : Optimum buffer volume for each case)
Conclusion 
     In this study, a numerical simulation model on CO2 storage was constructed for Moebetsu layer at 
Tomakomai offshore site to investigate the effects of an estimation error on the CO2 reservoir 
permeability. Based on the numerical simulations on CO2 injection rate against the maximum bottom hole 
pressure, economic evaluations were carried out in considering the opportunity cost as a lost benefit by 
decrease of CO2 store from the design volume.  
     Furthermore, the operations research on CO2 buffer volume installed on the process between CO2 
capture and CO2 storage was studied by assuming number of hours, which make stop CO2 injection 
during some hours. The optimal buffer volume was presented on the net cost consisting opportunity cost 
and initial construction cost of buffer tanks. In the example case 3 assuming 24 hours stop, the optimum 
volume of CO2 buffer is 2669 m3 and the net cost is 1.64×1010 JPY. 
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